Introduction
Stroke results in inevitable cell death within the focal region, known as the ischemic core or infarct. The expansion of the ischemic core into the surrounding peri-infarct zone increases the area of damage that may occur if blood flow is not restored, either by treatment or self-recovery (Ramos-Cabrer et al. 2011) . The peri-infarct is a dynamic region of low cerebral blood flow where neurons are in a critically reduced metabolic state and loss of electrical excitability. Cell survival within the peri-infarct is highly time-dependent and the treatment window is narrow. For example, tissue plasminogen activator (tPA) effectiveness drops sharply after 3-4.5 h (Lansberg et al. 2009 ). The search for effective therapeutic agents that impact early molecular and cellular targets within the salvageable peri-infarct is an area of intense research (Broussalis et al. 2012; George and Steinberg 2015) . Connexin43 (Cx43) gap junction expression has been linked with several brain injury paradigms, including stroke (reviewed in Freitas-Andrade and Naus 2016). Moreover, several groups have characterized pharmacological agents that specifically target Cx43 function (Yoon et al. 2010a, b; Davidson et al. 2012) and have shown significant neuroprotective benefits (Freitas-Andrade et al., Targeting MAPK phosphorylation sites of the C-terminus provides neuroprotection in stroke. submitted). However, to effectively administer treatment at the appropriate time-window, it is critical to understand the spatial and temporal expression of Cx43 during stroke onset.
Gap junctions are composed of individual connexin proteins that assemble into hexamers around a central hydrophilic pore to form transmembrane channels, termed connexons. Connexons couple with apposing connexons on neighboring cells, forming gap junctions, which coalesce into dense gap junction plaques that may contain thousands of channels (Giaume and Theis 2010) . Amino acids, ions, nucleotides, and second messengers (e.g., Ca 2+ , cAMP, cGMP, IP 3 ) are among the molecules that pass through gap junction channels (Barreto et al. 2011) . While Cx43 gap junction plaques directly connect the cytoplasm of coupled cells, Cx43 channels also exist on their own as single membrane connexons or hemichannels that connect the cell cytoplasm to the extracellular milieu. Hemichannels are mostly active under pathological conditions, however, they have also been reported to participate in paracrine communication (Chever et al. 2014; D'Hondt et al. 2014 ). In the adult brain, Cx43 gap junction channels are highly expressed in astrocytes and to a lesser extent Cx30 and Cx26 (Giaume and Theis 2010) . Gap junctions play a central role in organizing astrocytes into coupled cellular networks and facilitate communication between astrocytes, neurons and the vasculature (Giaume and Theis 2010) .
Reduced levels of Cx43 expression result in detrimental outcome in stroke (Siushansian et al. 2001; Nakase et al. 2003b; Kozoriz et al. 2010; Le et al. 2014 ). Cx43 heterozygous null mice (Cx43 +/− ) subjected to permanent middle cerebral artery occlusion (pMCAO) exhibited a significant increase in infarct volume, reduction in reactive astrocytes and an increase in apoptosis, 4 days after pMCAO (Siushansian et al. 2001; Nakase et al. 2003b) . The data indicated that reduced astrocyte Cx43 coupling enhanced the neurodestructive effects of ischemia (Siushansian et al. 2001) . A recent in vitro study showed that Cx43 coupling delayed neuronal death in an oxygen / glucose deprivation model (Shinotsuka et al. 2014) . Taken together, Cx43 gap junctions may play a critical role in spatially buffering the apoptotic initiators and cytotoxic factors away from the peri-infarct zone ). In contrast, Cx43 hemichannel activity has been linked with inflammation and neurotoxicity by releasing inflammatory factors and glutamate during ischemic conditions (Retamal et al. 2007a; Orellana et al. 2009; Froger et al. 2010; Orellana et al. 2010; Kozoriz et al. 2013 ). Cx43 hemichannel blockers have been reported to alleviate cell injury in different pathological paradigms, including ischemia (Davidson et al. 2012; Maes et al. 2017; Willebrords et al. 2017) . Recent developments in the field have introduced pharmacological agents that affect either Cx43 gap junction or hemichannel function (Ponsaerts et al. 2010; Desplantez et al. 2012; Skyschally et al. 2013; Wang et al. 2013; Chen et al. 2016 ).These pharmacological agents may be used as therapeutic factors in stroke as well as other brain injury paradigms. However, knowing the therapeutic window to administer treatment is critical for clinical applications of these drugs.
Using a well-established and widely-used stroke model (Chiang et al. 2011) , which causes damage primarily to the sensory region of the parietal cortex, we sought to characterize the temporal and spatial expression profile of Cx43, with the goal of evaluating Cx43 as a potential therapeutic target within the treatment window for pMCAO. Visualization was achieved using histological stains, and semi-quantification by Western blotting of protein isolated from the ischemic and contralateral cortex. To correlate the extent of cell death with the Cx43 expression profile, we characterized the acute infarct region using a variety of well-validated methods. Emerging evidence suggests astrocytes are viable therapeutic targets as neuronal health is correlated with astrocytic health, which in turn is dependent on Cx43 channel activity (Barreto et al. 2011 ).
Materials and methods

Mice and surgery
This study was carried out in accordance with the recommendations of the Canadian Council on Animal Care through the Animal Care Committee of the University of British Columbia. The protocol was approved by the Animal Care Committee of the University of British Columbia.
Wildtype C57Bl/6 mice from the Jackson laboratory (Bar Harbor, USA) aged 7-9 months were used. Surgery was performed according to previously described procedures (FreitasAndrade et al. 2017) ; mice were anesthetized with sodium pentobarbital (65 mg/Kg i.p.) and given an opiate (Buprenorphine, 0.1 mg/Kg) and a local analgesic (Bupivacaine, 0.1 ml at 0.25%) was given at incision site prior to surgery. Each animal was placed on a water heated pad and body temperature was maintained at 37°C monitored with a rectal probe during surgery and recovery. The head was held securely in place using a stereotaxic frame (David Kopf Instruments, USA). With the aid of a dissecting microscope (Hund Wetzlar, Germany), a skin incision was made on the right side of the head from the anterior of the ear towards the corner of the eye horizontally and from the corner of the eye vertically 5 mm. The squamosal bone was exposed by gently pulling back the temporal muscle. Using a battery-powered micro drill (Dremel, Canada), a small hole was made~2 mm in diameter on the skull bone to remove dura and expose the middle cerebral artery (MCA). The MCA was then cauterized above and below the rhinal fissure using an electronic coagulator (Codman & Shurtleff Inc., USA) and the MCA was cut with micro scissors to ensure reperfusion did not occur. The skin incision was closed with sutures and mice were given a 1 ml subcutaneous bolus of lactate Ringer's solution. If any animal bled from the cauterized ends of the MCA, the animal was removed from the study and euthanized. Animals were given free access to food and water.
Brain extraction and sectioning
At the appropriate time-point, mice were anesthetized using a lethal dose of sodium pentobarbital (120 mg/Kg i.p.) and transcardially perfused with phosphate-buffered saline (PBS) followed by 10% Formalin for immunofluorescent labeling, thionin and Fuoro-Jade C staining or perfused with only PBS for the Western Blot analysis. Formalin fixed brains were cryoprotected in 30% sucrose and embedded in Optimal Cutting Temperature (OCT) Compound (Tissue-Tek®). The PBS perfused brains were immediately frozen in OCT on dry ice. Coronal sections were cut, using a cryostat microtome (Thermo-Scientific®, Microm HM 525), at 10 μm thickness for immunofluorescent labeling and Fluoro-Jade C staining and 20 μm thickness for Western blot analysis and thionin staining. Sections were then stored immediately at −20°C.
Immunofluorescent labeling
Immunofluorescent labeling was performed as previously described (Theodoric et al. 2012 ) on brain tissue collected at 30 min, 1 h, 2 h, 3 h, 6 h, 12 h, 24 h and 4-days after pMCAO. Sections 10 μm in thickness were rinsed in PBS, blocked with 2% bovine serum albumin (BSA) with 0.3% Triton X-100 in PBS for 1 h. Next, the sections were incubated overnight with primary antibodies: 1 in 200 anti-Cx43 raised in mouse (Sigma-Aldrich, Canada) and 1 in 100 anti-glial fibrillary acidic protein (GFAP) raised in rabbit (SigmaAldrich, Canada); or 1 in 400 anti-Cx43 raised in rabbit (Sigma-Aldrich, Canada) and 1 in 200 anti-MAP2 raised in mouse (Sigma-Aldrich, Canada) in 1% BSA with 0.3% Triton X-100 in PBS. Following removal of the primary antibody and three 10-min rinses with PBS, sections were incubated with Alexa Fluor secondary antibodies (Invitrogen, Canada) 1 in 500 for 1 h. Sections were then mounted with ProLong Gold antifade reagent with 4′,6-diamidino-2-phenylindole ([DAPI], Molecular Probes, USA).
Fluoro-Jade C staining
Fluoro-Jade C (Biosensis®: Catalog No: TR-100-FJ) was used to stain 10 μm formaldehyde-fixed sections at 30 min, 1 h, 2 h, 3 h, and 6 h to label degenerating neurons (Schmued et al. 2005) , following the manufacturer's Ready-to-Dilute™ Fluoro-Jade® C Staining Protocol. In short, 10 μm thick fixed sections were dried in an incubator at 55°C to improve adhesion before placing slides in a Copland jar containing solution consisting of 9 parts 70% ethanol and 1 part NaOH solution from the kit for 5 min. The slides were then placed in 70% ethanol for 2 min, followed by distilled water for 2 min. Following this, slides were transferred to a solution containing 9 parts distilled water and 1 part KMnO4 from the kit for 10 min, then rinsed in distilled water for 2 min before being incubated for 10 min in the dark with a solution of 8 parts distilled water, 1 part Fluoro-Jade C solution from the kit, and 1 part DAPI solution from the kit. The slides were then washed 3 times, a minute each in distilled water and dried in an incubator at 55°C for approximately 10 min. Dry slides were cleared in xylene for approximately 2 min before coverslipping with CytoSeal™ XYL (Richard-Allan Scientific™, Thermo Scientific).
Thionin staining
To assess infarct damage, 20-μm-thick brain sections from mice subjected to pMCAO for 30 min, 1 h, 2 h, 6 h, 24 h and 4-days were collected every 200 μm and mounted sequentially on glass microscope slides. Sections were stained with 0.125% thionin (Fisher Scientific, Canada) solution as previously described ). Images of thioninstained sections were captured using an EPSON Perfection V500 Photo scanner.
Protein isolation and western blot analysis
Protein samples were extracted from brain tissue sections from mice at 30 min, 1 h, 2 h, 3 h, and 6 h after pMCAO as previously described (Sadler et al. 2009; Freitas-Andrade et al. 2017) . The region of infarct injury was identified visually and collected with a 27G needle (Becton Dickinson) under a dissecting microscope. On the contralateral side of each section, a symmetric area was also collected. Fresh-frozen tissue from eight 20 μm thick sections for each time point was combined into one Eppendorf tube per side containing 100 μL of radioimmunoprecipitation assay (RIPA) buffer with phosphatase inhibitor and protease inhibitor (Sigma-Aldrich, Canada). The mixture was vortexed for 10 s and sonicated for 30 s, and then centrifuged at 10000 G (Sigma 3-18 K Centrifuge). Protein determination and Western blot assay procedures were modified from previously established procedures (FreitasAndrade et al. 2008) . Briefly, protein concentrations were first determined by a bicinchoninic acid assay (Pierce, USA) and 15 μg of protein was denatured in protein loading buffer for 5 min at 100°C. Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis with a 15% gel and separated proteins were transferred to polyvinylidene difluoride membrane. Membranes were blocked by a 1 h room temperature incubation with Tris-buffered saline with Tween 20 (TBS-T) [20 mM Tris-buffer at pH 8.0 and 150 mM NaCl with 0.1% Tween 20] with 5% skim milk. After blocking, membranes were incubated overnight at 4°C with primary antibodies against either rabbit anti-Cx43 C-terminal region (Sigma-Aldrich, Canada) or mouse anti-γ-tubulin (SigmaAldrich, Canada) diluted 1/5000 in TBS-T containing 1% skim milk. Membranes were subsequently washed with TBS-T and incubated with 1/5000 secondary antibody conjugated with horseradish peroxidase (Vector Laboratories Inc., USA) in TBS-T containing 5% skim milk. Finally, membranes were washed with TBS-T and immunoreactive proteins were visualized using chemiluminescent solution (Super Signal West Pico, Pierce Biotechnology Inc., USA) according to the manufacturer's instructions.
Data collection and analysis
Imaging of immunohistochemical sections was done using confocal microscopy (Leica DMI6000), taking tile scans of halfbrains at 20× magnification. Western blots were scanned in using an EPSON Perfection V500 Photo scanner and intensities were analyzed using the ImageJ gel analysis plugin to find the slope under the intensity curve. The Fluoro-Jade C micrographs were captured using a Ziess Axioplan Fluorescent microscope using a 16X objective. For Western blots, the sample size was n = 4 and statistical analysis was performed using KruskalWallis One Way Analysis of Variance on Ranks.
Results
Thionin staining indicates infarct after 1 h of pMCAO Histological thionin staining was performed on brain tissue sections to visualize infarct progression in mice subjected to pMCAO at different time-points. While 30 min of pMCAO did not show obvious changes in thionin staining, we observed decreased thionin staining after 1 h and 2 h of pMCAO within the cortical region generally affected by this type of stroke model (Cechetto et al. 1989; Siushansian et al. 2001; Nakase et al. 2003b; Kozoriz et al. 2010; FreitasAndrade et al. 2017 ) (indicated by thick black arrows in Fig. 1 ). After 6 h of pMCAO, an obvious decrease in thionin staining was observed within the affected cortical area (Fig. 1) . In addition, vasodilation was also observed at the 6 h time point, Fig. 1 Thionin staining timeline delineates damaged regions. Permanent MCAO was performed on mice to induce stroke on the left side of shown sections, as revealed by the decreased intensity of thionin staining in the infarct region. Brains were perfused after 30 min, 1 h, 2 h, 6 h, 24 h and 4 days after pMCAO and subsequently stained with thionin. Representative sections show a time-dependent decrease in staining intensity of the ischemic brain region starting at 1 h. The infarct region is demarcated by thick black arrows. The black arrows and corpus callosum indicate the boundaries of the region typically affected by pMCAO. This region is typically restricted to the cortex and does not extend into the striatum. Thin black arrows indicate dilated blood vessels in 6 h image suggesting vascular responses to tissue hypoxia (indicated by thin black arrowheads in Fig. 1) . After 24 h of pMCAO, very little thionin staining within the affected cortical area was observed and this did not change after a prolonged time-point of 4-days, indicating dead infarct tissue (Fig. 1) .
Western analysis shows Cx43 upregulation at 2 h post-pMCAO
Cx43 upregulation is known to occur due to reactive astrocytes 4 days following pMCAO (for example, Nakase et al. 2003b) . At this time, the central infarct region is entirely devoid of thionin staining, due to irreversible cell death (Fig. 1, 4 -days postpMCAO). To evaluate Cx43 expression before the onset of cell death, western blots were performed on protein isolated from brain tissue extracts from the ipsilateral region affected by pMCAO, as well as the contralateral region, within the first 6 h after pMCAO. While Cx43 protein levels were similar 30 min and 1 h after pMCAO, they were significantly higher in samples from the ipsilateral side 2 h and 3 h after pMCAO (Fig. 2a, b) . However, after 6 h of pMCAO Cx43 levels were significantly reduced compared to the 30 min time-point (Fig. 2a, b) . This decrease may be a result of the significant cell death occurring after 6 h of pMCAO, instead of an actual regulated decrease in Cx43 expression levels.
Bands of different sizes can be seen corresponding to phosphorylation isoforms of Cx43 Lampe 2005, 2009 ).
However, we were unable to reliably detect significant changes in the level of phosphorylated Cx43 isoforms, at various time-points, possibly due to phosphatases induced in injured cells.
Immunofluorescence shows Cx43 upregulation within 1 h post-pMCAO
We performed Cx43 immunofluorescence tissue staining to investigate spatial distribution and confirm the Western blot Cx43 expression analysis, up to 24 h post-pMCAO. Consistent with our Western blot data, increased Cx43 immunoreactivity was observed around the damaged region (dorsal to the cauterization site, white arrow head) starting at 1 h, with an increase in both fluorescence intensity and tissue area at 2 and 3 h after pMCAO, compared to 30 min post-pMCAO (Fig. 3) . After 6 h of pMCAO, small Bislands^(indicated by white traces) with little Cx43 immunoreactivity were observed, indicating the ischemic core (Fig. 3) . The small infarct cores were surrounded by bright Cx43 staining in the periinfarct area (Fig. 3) . This may represent Bmini-infarct coresŝ urrounded by Bmini-penumbras^as previously reported (del Zoppo et al. 2011). The ischemic core, devoid of Cx43 staining, increased in size by 24 h post-pMCAO and was surrounded by Cx43-positive punctate staining in the periinfarct zone (Fig. 3) . In contrast, Cx43 immunostaining in Fig. 2 Western blot analysis shows pattern of Cx43 expression in cerebral tissue acutely following stroke. Mice underwent pMCAO and were perfused after 30 min, 1 h, 2 h, 3 h, and 6 h. The area impacted by pMCAO on the ischemic side (BI^), as well as the mirrored area on the contralateral side (BC^), was removed and permeabilized; these samples were run on blots shown in (A). Intensity of Cx43 bands was measured and normalized against γ-tubulin; these values are plotted as a ratio of I/C on the y-axis in (B). Sample size: n = 4. Statistical analysis was performed using Kruskal-Wallis One Way Analysis of Variance on Ranks the contralateral non-ischemic cortex showed characteristic punctate staining, which did not change at any of the timepoints investigated; a representative image showing both ipsilateral and contralateral cortex is shown in Fig. 3 (top micrograph). Sections shown are anterior sections since these regions are most impacted by pMCAO.
Fluoro-Jade staining reveals increasing cell degeneration starting at 1 h
To examine whether the region of low Cx43 immunoreactivity correlates to dead and damaged cells, Fluoro-Jade C staining was performed on fixed tissue (Fig. 4) . While 30 min after pMCAO did not show any Fluoro-Jade positive cells, at 1 h post-pMCAO, faint Fluoro-Jade positive cells could be seen in cells dorsal to the site of cauterization, delineating an area of damage in the sensory region of the parietal cortex, with little staining beyond the corpus callosum (Fig. 4) . After 2 h of pMCAO, Fluoro-Jade positive cells were brighter and extended further to the primary somatosensory region (Fig. 4) . After 6 h of pMCAO, Fluoro-Jade positive cells were markedly brighter with a damaged region encompassing the primary somatosensory area (Fig. 4) . Similar to Fig. 1 thionin staining, an increased vasodilation was observed after 6 h of pMCAO, indicated by white arrows (Fig. 4) . For ease of visualization, magnified images of the punctate staining are shown. evident starting at 1 h, peaking between 2 h to 3 h, and exhibiting an area of no staining in the infarct core starting at 6 h which continued to grow at 24 h, with intense Cx43 staining in the peri-infarct zone. White arrowheads in the bottom left of these images indicate the cauterization point. White line delineates the infarct core at 6 and 24 hrs MAP2 staining is decreased near the area of damage Fluoro-Jade staining indicated that dead cells were present after 1 h of pMCAO, however, the cell type(s) affected are not distinguished using this method (Damjanac et al. 2007) . To determine whether cell death indicated by Fluoro-Jade staining is neuronal, MAP2 (neuronal dendrite marker) was used to delineate acute brain injury resulting from neuronal death (Dawson and Hallenbeck 1996) . In addition, co-immunostaining with Cx43 antibody was performed to determine the spatial expression of Cx43 relative to injured neurons. In our experiment, MAP2 staining at 30 min shows characteristic radial morphology in cortical regions within the infarct side, indistinguishable from the contralateral side (data not shown). At 30 min postpMCAO, Cx43 punctate staining was stereotypically evenly distributed throughout the cortical brain area (Fig. 5) . After 1 h of pMCAO, some disruption of MAP2-positive neurites was observed dorsal to the cauterized area, with slight blebbing, indicating microtubule dysregulation Fig. 4 Fluoro-Jade C staining indicates time-dependent increase in neuronal degeneration starting at 1 h post pMCAO. Brain sections of mice at time points of 30 min, 1 h, 2 h, and 6 h following pMCAO were stained with Fluoro-Jade C. The white squares in the left images outline the area which is magnified in the respective right images; Fluoro-Jade staining is evident starting at 1 h and increases in size and intensity with time. Images shown are representative from 3 experiments (Fig. 5 ). An increase in Cx43 immunoreactivity was observed at 1 h post-pMCAO within the somatosensory area affected by the stroke (Fig. 5) . After 2 h of pMCAO, a decrease of MAP2 positive cells were more evident (Fig. 5) . In contrast, an increase in Cx43 immunoreactivity was observed after 2 h of pMCAO, along with areas where Cx43 staining was not detected (Fig. 5) . After 6 h of pMCAO, a larger area of MAP2 staining paucity was apparent (Fig. 5) . Similarly, while Cx43 immunoreactivity was further increased in some areas, a larger region of Cx43 negative staining was also observed within the infarct (Fig. 5) . This is consistent with the hypothesis that the mini-penumbras are consumed by the expanding miniinfarct cores over time, to generate a lesion that is ultimately homogenous and can grow into the surrounding injured tissue (del Zoppo et al. 2011 ).
Upregulation of Cx43 precedes GFAP increase in astrocytes
We previously reported that reactive astrocytes express increased levels of GFAP after 4 days of pMCAO (Nakase et al. 2003b; Kozoriz et al. 2010) . Similarly, Cx43 expression levels are upregulated in reactive astrocytes in various brain pathologies including brain ischemia and epilepsy (Fonseca et al. 2002; Nakase et al. 2006; Cronin et al. 2008; Kozoriz et al. 2010; Theodoric et al. 2012) . To determine whether Cx43 is an early marker of reactive astrocytes, we co-stained brain sections with Cx43 and GFAP after 3 h and 4-days pMCAO. Consistent with previous reports (Nakase et al. 2003b; Kozoriz et al. 2010) , we observed upregulation and colocalization of Cx43 and GFAP at the peri-infarct region 4 days after pMCAO (Fig. 6) . Interestingly, while Cx43 was Fig. 5 Cx43 and MAP2 co-staining shows increased Cx43 immunoreactivity coinciding with decreased MAP2. Mice underwent pMCAO and were perfused after 30 min, 1 h, 2 h, and 6 h. Sections were stained for Cx43 and MAP2; a general time-dependent increase in Cx43 expression coinciding with decreased MAP2 staining in the impacted area. Boxed areas in the third column of images are magnified in the respective micrographs on the right upregulated within the somatosensory area affected by the infarct after 3 h of pMCAO, no obvious GFAP astrocytic staining was observed within this region (Fig. 6 ). It should be noted, however, that the GFAP positive cells observed within the corpus callosum (white arrows) were not dependent on pMCAO, as they were also detected in the contralateral hemisphere. We also observed staining that corresponded to microvessels in the cortical region (white arrow heads) (Fig. 6) . We suspected the staining was probably due to penetration of mouse IgG, from a compromised blood brain barrier in the acute phase within hours after pMCAO.
Discussion
We report here that Cx43 protein levels increase within the first 6 h of pMCAO in the cortical tissue affected by ischemia. Consistent with our previous findings (Siushansian et al. 2001; Nakase et al. 2003b; Kozoriz et al. 2010; FreitasAndrade et al. 2017 ), Cx43 expression was still detected, in the peri-infarct zone, 4-days after pMCAO. This suggests that Cx43 may play a critical role in the evolving infarct over several days after ischemic injury. Indeed, we recently detected Cx43 expression in the peri-infarct zone up to 21-days after stroke (Freitas-Andrade et al., submitted). The data also indicates that Cx43 may be an early marker for reactive astrocytes, since Cx43 immunodetection preceded GFAP immunofluorescence, and Cx43 spatial expression was predominantly centered around injured or dying neurons in the infarcted tissue. Taken together, these findings and previous work by ourselves and others underscore Cx43 as a key player in the vulnerable and dynamic ischemic tissue and places Cx43 as a possible target for new therapeutic avenues of investigation.
Thionin is typically used to delineate infarct size (as described in (Nakase et al. 2003a) ) as it stains for Nissl bodies, staining intensity is thus decreased with damage. Conversely, Fluoro-Jade is an anionic substance that stains degenerating neurons (Schmued et al. 2005 ) but also other cell types Fig. 6 Upregulation of Cx43 precedes GFAP in the infarct region. Mice underwent pMCAO and were perfused after 3 h and 4 days. Sections were stained for Rabbit anti-Cx43 and mouse anti-GFAP. Cx43 expression preceded increased GFAP at 3 h after pMCAO and colocalized with GFAP after 4-days post-pMCAO. GFAP is an established marker for reactive astrocytes, which is observed in Day 4. At 3 h post-stroke, staining that positive for GFAP is indicated in the striatum (arrows); GFAP staining in the blood vessels in the infarct region (arrowheads) is due to cross-reactivity of the secondary anti-mouse antibody due to the presence of mouse IgG from the leakage of vasculature during acute phase post-pMCAO including astrocytes (Damjanac et al. 2007) . Similarly, MAP2 is known to serve as a reliable marker for acute brain injury from focal ischemia starting at 1 h (Dawson and Hallenbeck 1996) . MAP2 is primarily associated with neurons; specifically, it is highly enriched in dendrites of neurons (Caceres et al. 1986) . In this study, all three markers indicated ischemiainduced cell-stress beginning at 1 h and 2 h after pMCAO. Thionin staining was noticeably reduced 1 and 2 h after pMCAO, within the vulnerable ischemic area of the brain. The area delineated by decreased thionin staining largely did not change, since there was no obvious difference between the size of the affected region at 1 and 2 h versus 4 days after pMCAO. Similarly, both markers, Fluoro-Jade and MAP2, indicated cell damage evident at 1 and 2 h after pMCAO, compared to 30 min time-point. Cx43 protein expression was significantly increased after 2 and 3 h after pMCAO, measured by Western blot, indicating that astrocytes were responsive to perhaps both exposure to hypoxia and/or injured neurons within the ischemic brain tissue. During the first 2 h after brain ischemia a substantial proportion of astrocytes and neurons are still viable (Yoshimoto and Siesjo 1999; Anderson et al. 2003) . Within this time window of infarct core expansion, any intervention that is able to restore normal blood flow or protect injured neurons is likely to reduce the final infarct volume (Hossmann 2012) . However, little -if any -beneficial effects will occur if intervention is applied after 3 h post-ischemia (Hossmann 2012) .
The effects of prolonged ischemia were evident at the 6 h time-point. Noticeable cell death and viable tissue loss were observed in the infarct core as well as marked vasodilation. Small areas devoid of MAP2 and thionin staining were observed and an increase in Fluoro-Jade positive cells was detected. Cx43 protein expression was also absent within the expanding infarct core which may have contributed to the significant decrease in Cx43 expression, measured by Western blot. Interestingly, the Cx43 immunostaining pattern demonstrated increased immunoreactivity surrounding small infarct cores. The Cx43 staining pattern shown here supports the model proposed by del Zoppo et al. 2011 , suggesting that the core of ischemic injury develops heterogeneously, and with time coalesces dynamically into a homogenous core (del Zoppo et al. 2011) . We show that at 6 h of pMCAO, pockets of injury that lacked Cx43 staining may indicate Bmini-infarct cores^which were surrounded by Bmini-penumbras^that stain heavily for Cx43. These mini-penumbras are then consumed by the expanding mini-cores that ultimately generates a lesion that is homogeneous, which we observe at 24 h and 4 days postpMCAO with Cx43 staining. Therefore, Cx43 is potentially a useful early marker to delineate and investigate the progression of the mini-infarct cores proposed by del Zoppo.
Cx43 is upregulated in astrocytes under various brain pathologies (Siushansian et al. 2001; Fonseca et al. 2002; Cronin et al. 2008; Kozoriz et al. 2010; Theodoric et al. 2012) ; under these conditions, activation of astrocytes resulted in enhanced Cx43 expression in a period of days and/or weeks after the initial injury. In contrast, little is known regarding the temporal expression of Cx43 within minutes or hours after injury. Generally, there is a spatial temporal correlation between Cx43 and GFAP expression for the period between 3 to15 days post injury (Nakase et al. 2006; Kozoriz et al. 2010; Theodoric et al. 2012) . In contrast to 4 day post-stroke where Cx43 and GFAP are upregulated in the peri-infarct region, we did not observe the filamentous GFAP staining at 3 h post stroke, suggesting that Cx43 upregulation in the infarct region may be a marker of early astrocyte reactivity, while GFAP is a 'late' maker of reactive astrocytes. Others have shown in astrocyte cultures, that an increase in extracellular glutamate and K + is correlated with an increase in Cx43 coupling (Enkvist and McCarthy 1994) . This might reflect an adaptation of the astrocytic interstitial homeostasis control system for increasing the astrocytic dissipation of glutamate and K + from areas where their concentrations are elevated (Anderson et al. 2003) . Similarly, the increased expression of Cx43 shown in both Western blot and immunofluorescence at 2 h of pMCAO may be an attempt by astrocytes to dissipate the toxic substrates accumulating in the infarct core.
In this study, we examined the spatial-temporal changes in Cx43 expression in the acute period following ischemic stroke using immunohistochemistry and Western blot analysis, with the overarching goal of exploring the possibility that Cx43 may be a viable therapeutic target. Indeed, others have shown that after an ischemic insult, astrocytic gap junctions in the core become internalized, while they remain intact at the penumbra (Li et al. 1998) , suggesting that Cx43 is available for pharmaceutical manipulation in the vulnerable yet salvageable peri-infarct zone. While we have shown that Cx43 expression is affected by ischemia in the early stages of stroke, whether Cx43 is functioning as a hemichannel or gap junction during this time remains to be seen. In vitro hemichannel assays have found maximal Cx43 hemichannel activity 1 h following scratch damage, mediating secondary cellular injury (Rovegno et al. 2015) . Opening of hemichannels, indicated by increased activity, can result in secretion of toxic substances such as ATP and glutamate into the ECM, exacerbating damage and increasing the lesioned area. At the same time gap junction coupling may also be occurring, transferring molecules between cells which may be detrimental or protective possibly depending on the proportion of damaged versus healthy cells (Meier and Rosenkranz 2014) . In this case, it would be possible to target gap junctions with a widely used channel blocker, such as carbenoxolone (Tamura et al. 2011 ). However, given that gap junctions are believed to mediate long-term protection while transient hemichannel activity regulates acute damage (Retamal et al. 2007b ), hemichannels may be better targets. Several molecules that target either hemichannel or gap junction function of Cx43 are available (Yoon et al. 2010a, b; Davidson et al. 2012; Abudara et al. 2014) . We have shown that targeting Cx43 hemichannels using hamichannel blocker Gap19 (Abudara et al. 2014 ) within 2 h after pMCAO, results in significant neuronal protection from stroke (Freitas-Andrade et al., submitted).
In conclusion, a large body of research has demonstrated the intricate and complex molecular cascades that contribute to cell death after stroke. However, the successful translation of experimental results into clinical application remains lacking. Many contributing factors for these failures have been reported (Lo et al. 2003; Sena et al. 2007 ). One such critical factor is the failure to appreciate the timing or window of opportunity in administering the drug to the appropriate molecular target. In light of this, the goal of our study is to characterize the temporal and spatial expression of Cx43 in a model of permanent focal cerebral ischemia, in order to establish a framework for future, clinically relevant, translational experiments.
